Nitric oxide synthase (NOS) is an important enzyme for erection. We evaluated the content of neuronal (nNOS) and endothelial (eNOS) isoforms and their mRNA in the penis and major pelvic ganglion (MPG) of adult male rats by Western and Northern blot analysis. The cerebellum was evaluated as a control.
Introduction
Nitric oxide synthase is thought to have a diverse group of physiologic effects with an important role as a neuromodulator of lower urinary tract function, with particularly profound roles in erection 1, 2 and micturition 3±5 The penis and proximal urethra normally demonstrate high levels of NOS; 1 however in the presence of conditions that contribute to erectile dysfunction as diabetes, 6 aging, 7 chronic smoking 8 and hypogonadism, 9, 10 enzyme activity was reduced. Three isoforms of NOS have been identi®ed. nNOS and eNOS are constitutive forms that require calmodulinaNADPH for their activity and are involved in smooth muscle regulation and neural transmission. Inducible NOS (iNOS) is produced by cytokine stimulation of gene expression and has cytotoxic functions. Enzyme activity assays, 1 NADPH diaphorase histochemistry 1 and immunohistochemistry 11, 12 have been used to localize NOS within the lower urinary tract in health and disease states. Recently, NOS isoforms have been characterized at the protein and gene levels. 13±15 Until now, few studies utilized Western blot analysis of nNOS in the penis and showed controversial results pertaining to quantitative changes in certain pathological states. 6, 10, 16 In addition, no data is available on eNOS or nNOS mRNAs levels in relation to the different components of the penis. Detailed information on NOS proteins and the genes controlling their synthesis in the lower urinary tract is of great value. This will serve as a basis for understanding pathologies affecting NOS and the compensatory mechanisms that come into play at the translational and transcriptional levels. These mechanisms may play a major role in maintaining normal function after signi®cant damage to the nNOS pathway in the lower urinary tract as that seen in nNOS knockout mice. 17, 18 In an attempt to evaluate more completely the normal role of NOS isoforms in erection, herein we describe in male adult rats the content of protein and mRNA of nNOS and eNOS in the penile shaft, crura, dorsal neurovascular bundle and penile urethra.
Methods
Six adult male Sprague-Dawley rats 24±26 weeks old were used. All surgical procedures and tissue harvesting were carried out under general anesthesia using pentobarbital (45 mgakg intraperitoneally). Animals were sacri®ced by an overdose of pentobarbital (200 mgakg i.p.).
Tissue harvesting
A lower abdominal incision and symphysiotomy were made exposing the bladder, prostate, MPG, pelvic urethra from the prostate apex to the perineal membrane, the crura of the penis at their origin from the pubic rami, the urethral bulb and the penis. Through a lower abdominal incision with optical magni®cation (Â8) both major pelvic ganglia were identi®ed and excised. The MPG was identi®ed posterolateral to the dorsolateral prostate, dissected from accompanying blood vessels and excised. The penis was dissected free from integument and the glans removed. The dorsal neurovascular bundles, distal penile urethra and the urethral bulb were dissected free from the penile corpora and excised. The penile shaft and crura were excised at their pelvic bony attachment, divided and each cut into 4±5 pieces. To avoid loss of delicate cavernous tissue that was adherent to tunica albuginea, no attempt was made to dissect the tunica albuginea away from the cavernous tissue. The urinary bladder, ventral prostate and dorsolateral prostate were excised. The pelvic urethra was excised from its attachment to the perineal membrane caudally to its attachment to the prostatic urethra cranially. With the rat prone, a craniotomy was carried out, the cerebellum identi®ed and both lobes excised. All tissues were immediately frozen in liquid nitrogen.
Generation of rat nNOS probe
cDNA was synthesized from the rat cerebellum RNA by reverse transcription.
To obtain a 700 bp fragment of rat nNOS cDNA (from position 1±700), a set of primers (5 H -ACGTCT-GACAAGCTGGTGACC-3 H and 5 H -GATGGTCTTGG-GGGTTCCATC-3 H ) was used. The PCR primers were designed based on the published sequences of the rat brain NOS. 13 Each PCR was performed in a 100 mL reaction mixture containing 10 mL RT reaction mixture, 1ÂPCR buffer [50 mM KCl, 10 mM TrisHCl (pH 9.0), 1% triton-X 100, and 1.2 mM MgCl2], 0.1 mM concentration of each dNTP, 2.5 units of Taq polymerase and 3.6 mM NOS primers. Thermal cycling was performed in a PTC-100TM Programmable Thermal Controller DNA ampli®cation system by using the following ampli®cation pro®le: an initial denaturation at 95 C for 5 min; 40 cycles of denaturation at 95 C for 30 s, and annealing at 59 C for 30 s, and extension at 72 C for 45 s; and ®nal elongation step at 72 C for 10 min.
The identity of the rat nNOS was con®rmed by sequencing using the dideoxy chain termination method with an automated Applied Biosystem Model 373A sequencer.
Probe was randomly labeled with 32 P dCTP (Mandel) using a T-7 Quick-Prime Kit (Pharmacia) according to the supplier's instructions. This probe was used to screen the rat uterine cDNA libraries. Positive clones were isolated and recon®rmed by hybridizing with rat NOS cDNA fragment. These clones were used to detect nNOS mRNA in the penis and MPG.
Northern blotting RNA extraction and hybridization. Total RNA was isolated from the six pooled tissues specimens of either MPG, dorsal prostate, ventral prostate, pelvic urethra, urinary bladder, penile urethra, cerebellum, crura and shaft of penis, or dorsal neurovascular bundle using RNA Zol premix solution and RNA Zol B method (Tel-Test, Friendswood, Texas). For Northern blots, 20 mg of total RNA was used per lane. RNA was subjected to electrophoresis through 1.2% agarose gels containing 2.2% formaldehyde. The RNA was transferred onto Zeta-probe membrane (Bio-Rad) in 50 mM NaOH. The blots were hybridized overnight with nick translated 32 Plabelled rat nNOS cDNA, eNOS cDNA, 14 18 S rRNA cDNA (ATCC), or GAPDH cDNA, 10% dextran sulphate, 1% sodium dodecyl sulphate (SDS), 500 mgaml herring sperm DNA, 0.9 M NaCl, 50 mM Na 2 HPO 4 .7H 2 O, 5 mM EDTA for rat nNOS and eNOS were hybridized at 42 C and 50 C respectively. The membranes were subjected to three washes at 42 C 15 min each in solution A (2Âsaline sodium citrate (SSC); 0.1% SDS), solution B (0.5ÂSSC; 0.1% SDS), solution C (0.1ÂSSC; 0.1% SDS), respectively. Final wash was done at 42 C for nNOS and 60 C for eNOS in solution C. The blots were air-dried and subjected to autoradiography from 5 h to 3 d with intensifying screen at 7 80 C. The mRNA extraction and blots were repeated once to con®rm our ®ndings.
Western blotting
For immunoblot analysis, the pooled six tissue specimens of either MPG, dorsal prostate, ventral prostate, pelvic urethra, urinary bladder, penile urethra, cerebellum, crura and shaft of penis, or dorsal neurovascular bundle were homogenized in homogenization buffer (20 mM Tris-HCl, pH 7.5, 1% Triton X-100, 100 mM NaCl, 50 mM NaF, 2 mM PMSF and 0.5% Nonidet P-40). The lysate was clari®ed by centrifugation at 14 000 g for 15 min.
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Results
At the time of sacri®ce the body weight of rats was 533.3 AE 16 g (mean AE SE). Dissection under the microscope facilitated separation and excision of the various components of the lower urinary tract.
The relative content of nNOS mRNA: Among all components of the lower urinary tract, the MPG had the highest nNOS mRNA levels ( Figure 1A ). Densitometric scanning revealed that nNOS mRNA in the MPG was about 10 fold more than that found in the cerebellum ( Figure 1C ). The level of nNOS mRNA in the penile crura was approximately half of that detected in the cerebellum ( Figure 1A ). The pelvic urethra showed a moderate level of nNOS mRNA.
No nNOS mRNA was detected in the shaft of the penis, the neurovascular bundle and the penile urethra ( Figure 1A ). Hybridization with 18S rRNA cDNA indicates equal loading of mRNA ( Figure 1B) .
The relative content of nNOS protein: The content of nNOS protein is shown in Figure 1D ,F. Similar to the pattern of nNOS mRNA distribution, nNOS protein was found abundantly in the MPG that had more protein content than the cerebellum. The level of nNOS protein in penile crura was slightly less than in the cerebellum. The pelvic urethra showed high levels of nNOS protein. Very little nNOS protein was found in the penile urethra, neurovascular bundle and the shaft of penis. Incubation with anti-tubulin antibody indicates equal loading of protein ( Figure 1E ).
The relative content of eNOS mRNA: The distribution of eNOS mRNA is shown in Figure 2A ,C. The penile urethra expressed the highest levels of eNOS mRNA. High levels of eNOS mRNA were also detected in the MPG, pelvic urethra and cerebellum while the penile crura, shaft of penis, neurovascular bundle and urinary bladder expressed moderate levels of eNOS mRNA. No eNOS mRNA was detected in the prostate. Incubation with GAPDH cDNA indicates equal loading of wells with mRNA ( Figure 2B ).
The relative content of eNOS protein: Similarly, eNOS protein detection in all tissues was in agreement with mRNA levels ( Figure 2D,F) . The level of eNOS protein was abundant in the urethra where the penile part had more eNOS protein than the pelvic part. The urinary bladder showed a moderate level of eNOS protein. Low levels of eNOS protein were detected in the shaft of penis, crura, MPG, neurovascular bundle and cerebellum. No eNOS protein was detected in the prostate. Incubation with anti-tubulin antibody indicates equal loading of well with protein ( Figure 2E ). Extraction of nNOS and eNOS mRNA and protein as well as Northern and Western blotting were repeated once and showed similar ®ndings that con®rmed our results.
Discussion
Nitric oxide synthase containing nerve ®bers form an anatomically and functionally distinct population of nerves supplying the lower urinary tract. 19 The urethral sphincter and MPG demonstrated the highest NOS activity, with lower levels found in the proximal penis and lowest levels in the distal penis. 1 Arginine citrulline assays collectively estimate the enzyme activity of NOS constitutive isoforms (eNOS and nNOS) therefore failing to provide speci®c physiologic information. Furthermore, the inclusion of the penile urethra and dorsal penile neurovascular bundle, in previously reported penile NOS activity studies may have masked the actual enzyme activity within the corpus cavernous tissue. NADPH-diaphorase histochemistry is useful in mapping nNOS protein in the lower urinary tract. Although most authorities agree that NADPH diaphorase and NOS immunohistochemistry correlate in penile tissue samples, there is still a degree of nonspeci®city with these techniques. 11, 20 Immunostaining can differentiate between isotypes of NOS protein in the penis with variable intensity in different anatomical locations. The neuronal isoform is detected in nerve cells, in the nerves arising
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In our study Western blot analysis of nNOS and eNOS proteins is a speci®c and sensitive technique that allows separation of the proteins and their quanti®cation. Northern blots further evaluated NOS isoforms at the transcription level by quanti®cation of their mRNA. These data accurately describe NOS in different anatomically and functionally distinct locations within the penis.
The penis: nNOS protein
Nerve ®bers containing nNOS are important in initiating the cascade of events that lead to vascular and cavernous smooth muscle relaxation and erection. 1 Penile nNOS protein location in our work is similar to that shown by immunohistochemistry in rat 1, 11 and man, 12 following the course of the cavernous nerves. Western blot analysis indicates that the highest content of nNOS protein within the penis is present proximally in the crura, where cavernous nerves penetrate into the cavernous bodies at the hilum of penis and arborize to supply the various structures of the penis. 1 Crural nNOS protein levels approach what is seen in the cerebellum, known to have high nNOS protein content. 21 Reduced amounts of nNOS protein level are found along the shaft of the penis extending distally from the crura. This is in agreement with immunohistochemistry studies that demonstrate fewer nerve ®bers within the shaft of the penis probably because there is less cavernous muscle within the shaft, therefore less innervation. Considering the reported histologic structure of the tunica albuginea it seems likely that the tunica albuginea is a NOS poor structure. The inclusion of whole penile shaft (tunica albuginea corpus cavernous smooth muscle) likely produces lower NOS protein levels per mg tissue compared to a pure corpus cavernous sample. A low level of nNOS protein was found in the dorsal neurovascular bundle and penile urethra, re¯ecting the paucity of nNOS positive nerve ®bers supplying these structures.
The penis: nNOS mRNA mRNA for nNOS was only detectable in the crura of the penis. This is probably because mRNA synthesis can take place only at the nerve cell bodies that may be present around the crura. In support of our observation, recently Vanhatalo et al 22 reported the presence of NADPH diaphorase positive nerve cell bodies within the rat penis. Nerve ®bers within the penile shaft, urethra and neurovascular bundle are not capable of mRNA synthesis. These structures contain nNOS protein that probably reached them via axonal transport from their parent cell bodies mainly in the MPG and to a lesser degree within the crura of penis.
The penis: eNOS
In comparison to nNOS protein, eNOS protein is equally detected in the crura, shaft and dorsal neurovascular bundle. Previous immunohistochemistry studies indicate that our ®ndings may re¯ect vascular rather than cavernous endothelial eNOS. 11, 12 Similarly, nearly equal levels of eNOS mRNA are seen in these structures indicating that the machinery to synthesize eNOS protein is present locally. Therefore, eNOS protein synthesis may play a local role in modifying the erectile response in health and disease.
The penile urethra
The penile urethra shows eNOS protein and mRNA levels three times more than the penile crura, shaft or dorsal neurovascular bundle with minimal nNOS protein and no nNOS mRNA. The signi®cance of the relatively high level of eNOS in penile urethra is not known. Our ®ndings expand observations by other investigators 12, 23 on the presence of subepithelial urethral NADPH-diaphorase positive cells that may be involved in sensory innervation or periurethral gland secretion. The presence of a high content of eNOS protein in the penile urethra likely alters the results of studies that do not exclude the urethra from tissues studied for penile NOS activity, and eNOS protein and mRNA determination.
The major pelvic ganglion: nNOS
The most abundant quantity of nNOS protein is found in the MPG. The level of nNOS there exceeds that of the cerebellum by 30%. Similarly the level of nNOS mRNA in the MPG considerably exceeds that of the cerebellum reaching a ten fold increase. These ®ndings are consistent with those of Schirar et al 24 and imply the important role of nNOS in the regulation of pelvic organs supplied by nerve ®bers originating from the cell bodies in the MPG. Compared to the crura of penis, the MPG has twice as much nNOS protein and 25 times more nNOS
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The major pelvic ganglion: eNOS Surprisingly, eNOS was found in the MPG. Careful dissection under the microscope prevented inadvertent inclusion of blood vessels into the sample. eNOS was recently described in the cerebellum. 21 We reproduced this ®nding and showed that the level of eNOS protein in the cerebellum is nearly equal to that in the MPG. Similarly we report high levels of eNOS mRNA in the MPG and cerebellum. The presence of high levels of mRNA of eNOS in neural tissue likely to have high population of cell bodies, re¯ects the ability of these structures to generate eNOS protein. While the role of eNOS in neural tissues is not known, it may function as a neurotransmitter. 21 One viable explanation for the ability of nNOS knockout mice to maintain erection is that eNOS synthesis is recruited. 17 This same mechanism may be an important compensatory one in pathologic states that target nNOS.
Other structures
The pelvic urethra showed high levels of nNOS protein that may re¯ect an important contribution to urethral function. The relative low level mRNA suggests that the source of nNOS is nerve endings rather than cell bodies. eNOS protein and mRNA are abundant in the pelvic and penile parts of the urethra. The role of eNOS in urethral function is not known.
Functional, histochemical, immunohistochemical and enzyme activity studies strongly indicate that NOS is important in erection, bladder function and urethral sphincter activity. Evaluation of the normal distribution of NOS isoforms and their transcription machinery using direct and quantitative techniques is an important step towards understanding the physiological and the pathological states that involve NOS dependent pathways and affect lower urinary tract function. Although the neuronal isoform is the predominant NOS in the penis and MPG, yet the presence of eNOS in these structures warrants evaluation of its role, particularly in pathologic states that impair nNOS. Further evaluation of the balancing forces of nNOS and eNOS in health and disease is needed to develop new medications that target molecular sites affected in erectile dysfunction.
